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1 .  . .  

I N  CHEMOSYNTHESIZING HOMOGENkTES OF NITROBACTER 

NINOGRADSKYI THE F O W T I O N  OF BEDUCEZ PYRIDINE-NUCLEOTIDE 

(DPN) WAS OBSRRVEE GUMNG THE OXIEATION OF THE SUBSTItATE, 

NITIZITE. OVE3 THE TESTED BANGE FROM pH 6 . 8  TO pH CJ. 2 

THE XIMETICS OF THE TWO 9EACTIONS AiiE pZl-DEPENdENT I N  

IDENTICAL MANNER. THE TWO REACTIONS, ECULLLY SENSITIVE 

TO INHIBITION BY BOTH, I x MOLAR O-BIIENANTHROLINE OR 

5 X MOLAR KCN, MUST THEREFOAR BE COUPLEE. THEY 

ENABLE THE CHEMO-AUTOTROPHIC MICROO3GANISN TO HASNESS THE 

ENEi3GY LIBERATED I N  THE SUBST3ATE OXIDATION AND TO MAKE 

I T  AVAILABLE FO;i THE SYNTHETIC BXOCESS TH4T ASSIMILATES 

THE CA-BON LIBXIDE. j q  LJ7-t -m 

. .  

. .  



I .  INTi3ODUCTION 

A t  least three methods are a v a i l a b l e  today for 

measuring t h e  assimilation of carbon d iox ide  i n  t h e  

chemosynthetic,  n i t r i f y i n g  microorganism N i t r o b a c t e r  

winogradskyi : 

1) Manometric CO DETE~MINATPQN (4) 2 
2) Determinat ion of t h e  change i n  hydrogen ion- 

c o n c e n t r a t i o n  i n  the b ica rbona te  C02 b u f f e r  

s y s t e m  ( 5 )  

3) The obse rva t ion  of i n c o r p o r a t i o n  ancl clistri- 

b u t i o n  of carbon-dioxide labelled w i t h  t h e  

(see f i g u r e  1). C 
radioisotope 1 4  

These three methods, w h i l e  of d i f f e r e n t  u s e f u l n e s s  

f o r  d i f f e r e n t  aspects of t h e  problem, Ileac? i n v a r i a b l y  

t o  one r e s u l t ,  namely: 

The processes of chemo-autotrophic carbon assimil- 

a t i o n  are q u a n t i t a t i v e l y  dependent on t h e  energy from 

o x i d a t i o n  of a n  ino rgan ic  compound. For Mitrobacter t h i s  

is t h e  o x i d a t i o n  of n i t r i t e - i o n s  t o  n i t r a t e - i o n s .  As 

shown by f i g u r e  1 no fiuaticr? af radPoActive CO, t a k e s  

place without t b i s  r e a c t i o n .  The stoichiometric connec t ion  

was first demonstrated 1516 by O t t o  Meyerhof ( 7 )  who 
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provec? exper imenta l ly  t h e  fol lowing fo rmula t ion  for t h e  

ba lance  of t h e  r e a c t i o n :  

Today there is har69y any doubt thzlt Meyerkof's 

equa t ion  describes correctly t h e  ba l ance  of n i t r i t e -  

o x i d a t i o n  under c e r t a i n  cond i t ions .  However, i t  is also 

obvious t h a t  Meyerhof's equat ion  disregards t h e  i n d i v i d u a l  
I 

steps i n  which the  free energy-change of n i t r i t e - o x i d a t i o n  

is harnesseG. and made a v a i l s b l e  for t h e  process of carbon 

d i o x i d e  a s s i m i l d t i o n .  

In t h e  search for f u r t h e r  r e a c t i o n  products  of 

n i t r i t e - o x i d a t i o n  Aleern s n l  Nason (1) b e l i e v e  they  h;ve 

found t h e  s o l u t i o n  i n  a s y n t h e s i s  of aclenosine-trFphosphate 

(ATP) coupled w i t h  n i t r i t e - o x i d a t i o n .  Using r d i o a c t i v e  

phosphzte t h e  a u t h o r s  demonstrate6 t h a t  p a r t i c u l a t e  f rac t -  

i o n s  of Nitrobdcter a g i l i s  i nco rpora t e  i n o r g a n i c  phosphate 

i n t o  ATP i n  a r e a c t i o n  which  depended upon t h e  presence  of 

n i t r i t e .  The optimal P/O quo t i en t  which t h e y  ob ta ined  i n  

these experiments  w a s  0 .  (3. 

However, i t  is a fact  of ce l l  physiology t h a t  Nitro- 

bacter is cap3;ble of producing ATP (6) through 'pres:i~.uz?;:! 

C" 
.% 
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r e s p i r a t i o n "  ( 2 )  i n  t h e  absence of n i t r i t e .  Under ae rob ic  

c o n d i t i o n s  t h i s  r e s p i r a t i o n  proceeds w i t h  a Qo2 of -6 

(mm3 O p / m g  d r y  weight of cells per  hour) a t  30 'C. 

main ta ins  i n  the cells a s t ezdy- s t a t e  l e v e l  of lQo3 molar 

ATP ( 6 ) .  The P/O q u o t i e n t  of t h i s  r e s p i r a t i o n  is approx- 

i n t e l y  3.0 ( 6 ) .  Furthermore i t  has been demonstrated 

t ha t  under otherwise i d e n t i c a l  cond i t ions  t h e  a d d i t i o n  of 

n i t r i t e  l e a d s  t o  a reduct ion ,  not  to  an i n c r e a s e  of t h e  

i n t r a c e l l u l a r  l e v e l  i n  kT9 concent ra t ion  ( 6 ) .  T h i s  would 

sugges t  t h a t  ATP-consuming r a t h e r  thlrn ATP-producing 

r e a c t i o n s  are accelerated or i n i t i a t e d  upon t h e  a d d i t i o n  

of n i t r i t e ,  t hus  l ead ing  t o  an increased  turnover  of 

lzbelled phosphate as observed by A l e e m  and Nason. 

I t  

Looking again,  with the  knowledge of these facts,  a t  

F igure  1 one could hard ly  accept t h e  hypothes is  t h a t  

n i t r i t e - c o u p l e d  s y n t h e s i s  of ATP is t h e  r e a c t i o n  which 

permits  t h e  a s s i m i l a t i o n  of carbon-dioxide by chemo- 

a u t o t r o p h i c  cells  dependent,  as t h e  f i g u r e  shows, on t h e  

presence  of n i t r i t e .  For ,  a l though i n  a e r o b i o s i s  ATP is 

a v a i l a b l e  t o  t h e  cel ls  under ei ther c o n d i t i o n s ,  t h e  ce l l s  

assimilate carbon-dioxide only i n  the presence ,  and not  

i n  the absence nf nitrite- Therefore; 8 different 

r e a c t i o n  mechanisms must m a k e  it p o s s i b l e  for n i t r i t e -  

o x i d a t i o n  t o  perform the  a s s i m i l a t i o n  of CO,. 
dd 
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PI. NITSITE OXIDATION kNL 
PYRIG INE-WCLEUTIDE IEDUCTION 

Since the assimilation of carbon-dioxide by auto- 

trophic cells, whatever its Getailed steps nay be, is 

in essence a reduction 09 C O z ,  it was suggestive to Book 

€or 8 participation of the classic oxidation reduction- 

coenzymes, the pyridine nucleotides, in Nitrobacter- 

chemosynthesis. While in the work with nitrifying chemo- 

autotrophs the spectrophotometric method lends itself to 

the determination of pyridine-nucleotiCe recluction, a 

problem of this method must first be solved, which arises 

from two special characteristics of the nitrite ion: 

I. 

CI 
L .  

For 

The ultraviolet absorption-maximum at 355 ra p 

interferes with that of reduced pyriciine- 

nuc 1 eo t id e. 

Nitrite has a quenching effect on the fluorescence 

of pyridine-nucleotide. 

these two reasons neither the direct optical 

nor the fluorometric method. for pyridine-nucleotide 

reduction is applicable when simultaneously, an oxidation 

cf 3ftrite t a k s  pidce.  To circumvent this difficulty w e  

q 



in t roduced  t h e  i n t e r c e p t i o n  of reduced pyr ib ine-nucleo t ide  

by means of pyruvate  anc! lactste-Qehydrogenase i n  an  

' i  enzymic-trap" : 

CH CQ-COOl3 
3 

LACTATE 

+ DPN-JH 3 H+ 

- DEHYDROGENASE 

CH3CH0H-COOH + DPN+ 

Thereby it  became p s s i b l e  to follow t he  r educ t ion  of 

pyr ie ine-nucleo t ide  by analyzing the l a c t a t e .  

I t  is demonstrated w i t h  f i g u r e  9 t h a t  i n  homogenates 

of Ni t robac te r  a formation of CPNH takes place, dependent 

on the o x i d a t i o n  of n i t r i t e .  Prom t a b l e  P i t  follows 

under what special condi t ions  t h e  n i t r i t e - o x i d a t i o n -  

couplee r educ t ion  of DBN may be observed. 

c o n d i t i o n s  inc lude  t h e  fol lowing three: 

These special 

(1) 

(2) 

(3) pH c:epend.ence of r e a c t i o n  rate wi th  i d e n t i c a l  

I n h i b i t i o n  w i t h  5 x loo4 molter KCN 

I n h i b i t i o n  w i t h  1 x IOo3 molar o-pi ienmthrol ine 

ogtima for fiPN-retuction and n i t r i t e  ox idz t ion .  

These obse rva t ions  prove n o t  only t h e  enzymic n a t u r e  

of t he  BPN reduct ion .  They prove tha t  CBM r educ t ion  is 

coupled wi th  n i t r i t e  ox ick t ion ,  as both r e a c t i o n s  h tve  

5 



t he  observed character is t ics  or p r e r e q u i s i t e s  i n  common. 

1x1. DISCUSSION 

Whereas no doubt is l e f t  by t h e  experiments  t h a t  

reduced ~ l p h o s g h o p y r i d l n e - n u ~ l e o t ~ ~ e  is a reac t ion-product  

of n i t r i t e  o x i c k t i o n ,  c ! i f f i cu l t f e s  w e  encountered i n  

f u l l y  unders tanding  t h i s  r e a c t i o n .  

equa t ion  (1) for n i t r i t e  o x i d a t i o n  may be reformula ted  as 

While Meyerhof's 

(2) n f  - NO- + AH c 2e 
3 7 

NQz -: 

and t h e  format ion  of DPWH as 

a thermodynamic probleln arises immediately. The s t a n d a r d  

p o t e n t i d s  of r e a c t i o n  ( 2 )  ana (3) are: 

2: E' I -I* 0.42 v 
- Q.32 V - and 3: E' - 

With a p o s i t i v e  free energy of t h e  combined r e a c t i o n s  

as w r i t t e n ,  t he  equ i l ib r ium of t h e  coupled r e a c t i o n s  ( 2 )  

zn& (3) must be decidedly on the  s ide of t h e  r e a c t a n t s ,  

n i t r i t e  and CFN+. In6eed, n i t r a t e - r e d u c t a s e ,  d i scovered  

by Nason (G), is an enzyme s y s t e m  t h a t  o x i d i z e s  TBNH v;:hiZe 

reducing  n i t r a t e  t o  n i t r i t e ,  i n  a p r a c t i c a l l y  i r r e v e r s i b l e  

manner, 

G 



These m e  two other reasons wily i t  is improbr;ble 

t h A t  pyr io ine -nuc leo t i i e  r eauc t ion  couplet, w i t h  n i t r i t e  

o x i d a t i o n  is sim;aly an i nve r s ion  of t h e  n i t r a t e - r e d u c t x s e  

r e x  t i o n  : 

(9) Triphosphopyridine-nucleoticle, TDN, is  not  

rec3.ueed by n i t r i t e  i n  lnomoTen:,.tes of Nitrobacter, 

( % )  The r e d u c t i o n  of W E T  by n i t r i t e  is not, as  one 

m i & t  cconcluCe from t h e  equa t ions  2 and 3 ,  an 

snxerobic  process. Lerobicsl lp,  i n  ‘L cell-fyee 

Nitrobscter honiogenxte, at 39 ‘C i n  minutes  

8.43 pMole DPM-M 

were foraec;. Anaerobica l ly ,  i n  t h e  same homo- 

genate ,  n i t r i t e  red,= eC. 

0.00 piUole DPN-H 

T h i s  experiment seems Eurthermoz-e t o  show, how n2Pure 

so lveh  t h e  theruioCynnmic problem. Oxygen pwt i c ipa t e s ,  m c -  

is consumec i n  stoichiosetric q u a n t i t i e s ,  rzther than  

e x e r t i n g  s c.tz%ytic func t ion .  2.n 2s y e t  unknown, oxygen 

consumin% r e s c t i o n  must supply the a c L f t i o n a l  energy re- 

qui red  fcor the r e d u c t i o n  of the pyr5Cine-nucleoti2e.  



IV. EXPBXPMENTS 

Homogenates or” Ni t robac te r  w i n o g r s d s k y i :  - 

Nitrobacter was c u l t i v a t e d  for 72 hours i n  s o l u t i o n  

.?IC ( E )  z t  35 ‘‘c w i t h  t h e  trace elements  ar;c’ec!, zinc? 

hamestet! anc? washed a t  10 OC i n  a c e n t r i f u g e  with c o n t i -  

nu0us flow. TJe suspen6eL 6 ml of packed ce l l s  i n  10 ml 

gPhss-disti12eC :I2O 

38 ~ r s m s  of g1-m benck #PO (Xnglish Glrss Co.), cisrnater 

8.13 - (6.20 mm, for 4 minutes unr*.er coo l ing  w i t h  ice at 

ll,Q03 rrpn i n  t h e  Servall-Omni-ljixer. On n frittec?. glass 

f i l t e r - f u n n e l  t h e  homogenate was separated from t h e  glass  

be;cCs, Gilutet:. t o  50 ml wi th  g lass -d is t i l l e f  w,ter And 

;:epP ,t 0 “C u n t i l  t h e  experiment beg;an. 

honogenizec? t h i s  suspens ion  w i t h  

- E-(+) -Lac t s t e :  was determined w i t h  t h e  metha?, of 

l‘krburg i n  t h e  arrangement describeC by Hohorst (3). 

The c u v e t t e  of d-1 cm contained:  3.6 in1 Hydrazine- 

Glyc ine-buffer ,  pM-S.5 (3) and 0.3 mJ. of t h e  de- 

p r o t e i n i z e d ,  n e u t r a l ,  l a c t a t e - c o n t a i n i n g  sample. After  

20 minutes ,  du r ing  which t h e  pyruvate  rescted w i t h  t h e  

hydraz ine  to completion, 0.15 m~ of 5 x 10% DPN 

sQTu+Ir\r? =ore a%i:ie&. After a reading- of t h e  op t ica l  



I 
I d e n s i t y  t h e  r e a c t i o n  WGS i n i t k z t e d  by adcling 0.02 m l  

lactate c?ehydrogenase. F i f t e e n  minutes  la ter ,  when the 

r e a c t i o n  had come to  a s t a n d s t i l l  t h e  f i n a l  reading  02 

the  O.C. was taken. We have sa tksf ied  our se lves  t h a t  

t h e  m o u n t s  of pyruvate  present  i n  our  e x t r a c t  do not  

d i s t u r b  t h e  a n d l y s i s  €or l a c t a t e  i n  t h i s  procedure.  

- 
T e s t  for t h e  NO,, DepenCent .%eduction of CBM: 

u 

Incubat ion  tool: place i n  Erlenmeyer f l a sks  of 50 ml 

cz-pacity a t  30 -C, i n  a metabol ic  shalrer,  under v igorous  

a g i t a t i o n  wi th  a i r  as t h e  gas phase. 

10 mb the flrsks contained 600 micromoles potassium 

phoaahate ,  pH Z . C ,  30 micromoles DPM, 5 . 5  micromoles 

I n  a t o t a l  volume of 

soclium pyruvate ,  50 micromoles nicot inamide,  145 micro- 

inobes sodium n i t r i t e ,  0 . 2  mg lactate-dehydrogenase,  freed. 

of =onium s u l f a t e  by d i a l y s i s ,  Nitrobscter homogenste, 

amount corresponding t o  10 mg p r o t e i n .  The r e a c t i o n  was 

i n i t i a t e d  by a d d i t i o n  of the sodium n i t r i t e .  A t  t h e  re- 

qu i red  times, samples of 2 m l  were taken  from the  flasl.:, 

and depro te in i zed  w i t h  HC10, ( f i n a l  concen t r a t ion ,  7 

Volume %I). These samples were andlyeed €or l s c t a t e  .as z 

- 

c l e a r  superna tan t  after n e u t r a l i z a t i o n  wi th  K,COS, and 

subsequent  c e n t r i f u g a t i o n .  Under these cond i t ions  t he  

6. 



rate of react ion wzs ZounL to be s t r i c t l y  LDroportiond.1 

to t h e  amount of Mitrobzcter hornogenste i n  the essay. 

-t 
Dependence of 'teaction htes  on H -Ion Concentration - 

i n  DPN-:leduetion snd W0,- Oxidation: The ex:?eriment,l 
- 
t 

se tup  wzs e s s e n t i a l l y  the sxn~ ;s i n  other Ceterminations 

of the  NQY-c"epent!ent DPN-rec?uc t i on  except t h ~ t  potassium 

phosgh~te buPder was replace6 with 0.1 1 - n o l ~ ~  so2hul-n 
d 

w n- the  ranee as s k w n  I: Cifure 3 .  1~~ - concentrations mere 

determined kn a l iquots  01 the incubate accoreing to  
- 
5 

Grless-SPosvay (see reference 4). 

I t  is my pleasant o b l i g a t i o n  to th,nk Mr. Senjanin 

USN, f o r  thefi .  most di l ident  a s s i s t x c e  in cz r ry ing  out 

t h e  exgeriments. 

This r~or1c wzs suggorte6 un6er Contract #.1-23C by the  

National 2.eronautics and S p x e  Achinistratkon. 



( 2 )  Meen, bl.  J.R!. ant. Nsson, t.. : ?roc. Wztl Acarl. S e i .  
46 : 'dC3 ( BG 38) - 



TABLE 1. 

Substrates  AdceS, To 
Nitrobacter Homogenate 

In T e s t  

0 DPN; 0 NO- 2 

3 x C'PN; 0 NO- 2 

Tuant i t i e s  
CBN-B Found 

0 . 0 2  

0.10 

1.00 

Puration of t h e  react ion was 30 minutes a t  30 'C. 

Further explanations,  see und.er ' Methods" 
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FIGURE 2; .  
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